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APPLICATION OF AN lONOMER LAYER TO A SUBSTRATE 
AND PRODUCTS RELATED THERETO 

CROSS-REFERENCE TO RELATED APPLICATION 

5 This application claims the benefit of U.S. Provisional Patent 

Application No. 60/431,449 filed December 4, 2002, where this provisional 
application is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

10 The present invention generally relates to application of an ionomer 

layer to a substrate, and more particularly to application of an ionomer layer to an 
electrode substrate or electrode suitable for use in an electrochemical fuel cell. 

Description of the Related Art 

Electrochemical fuel cells ("fuel cells") have the capability of 

15 generating electricity from a fuel and an oxidant in a clean and efficient manner, 
and have been the focus of considerable attention. When hydrogen is used as the 
fuel, hydrogen is combined in the fuel cell with oxygen (in the air) to produce 
electricity, with heat and water being the only by-products. There are a number of 
types of fuel cells, distinguished largely by the type of electrolyte employed. One 

20 type of fuel cell utilizes a polymer electrolyte membrane ("PEM"), and is referred to 
as a PEM fuel cell. A PEM is an ion-exchange membrane comprising a solid, 
organic polymer that can conduct ionic species. The PEM that is useful for fuel 
cells is a proton exchange membrane that conducts protons and other cations, but 
not anions or electrons. A typical commercial PEM is a sulfonated perfiuorocarbon 

25 membrane sold by E.I. Du Pont de Nemours and Company under the trade 
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designation Nation . The key component of a PEM fuel cell is the membrane 
electrode assembly ("MEA"), which is a consolidated assembly of an anode and a 
cathode (both typically planar), and a PEM sandwiched therebetween. 

Each electrode {i.e., anode and cathode) comprises a substrate that 
5 is porous and electrically conductive. Such substrates are often prepared using 
woven or non-woven carbon paper or fabric that has been treated to impart a 
desired level of porosity and electrical conductivity. One side of each substrate is 
coated with a thin layer of catalyst, typically platinum. This catalyst layer is applied 
as a slun7 of very small catalyst particles and ionomer particles suspended in a 

10 volatile solvent. Prior to application of the catalyst layer, a carbon sublayer is often 
applied to the substrate and dried in order to provide a suitable surface for 
application of the catalyst layer. 

Following application of the catalyst slurry to the substrate, heat is 
applied to drive off the solvent. The ionomer particles bind the catalyst particles to 

1 5 form the catalyst layer, and further bind the catalyst layer to the substrate. If dried 
too quickly, the catalyst layer is prone to cracking and adhering pooriy to the 
substrate. One approach used to counter this tendency is to dry in a staged 
fashion. In this manner, the substrate having the catalyst slurry applied thereto is 
exposed to more than one drying zone. The plurality of drying zones are 

20 characterized by different temperatures and airflows, where temperature and 

airflow can be Incrementally varied from the initial to the final drying zone. Airflows 
used for drying can be adjusted and configured in various ways to increase drying 
rates in a staged fashion. As an example, roll support of the substrate web may be 
used in initial drying zones, while air flotation of the web is used in the final drying 

25 zones. A similar drying technique may be used for drying the carbon sublayer 
prior to application of the catalyst slurry. 

In order to provide sufficient power output, MEAs are typically 
stacked to provide a "fuel cell stack". Interposed between such stacked MEAs are 
separator or fluid flow field plates having channels. Hydrogen is directed to the 
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electrochemicaliy active area of the anode through these channels in the fluid flow 
field plate, while oxygen (e.g., in the air) is directed to the electrochemicaliy active 
area of the cathode through different channels. The gaseous hydrogen diffuses 
through the porous anode substrate and contacts the catalyst layer, where it 
5 dissociates into protons and electrons. The PEM allows passage of the protons 
from the anode to the cathode, but not electrons. Instead, the electrons are 
conducted through the electrode substrate and separator plate (also called a 
current collector), and then through an external circuit to the cathode. Oxygen 
diffusing through the porous cathode substrate reacts at the catalyst layer with the 

1 0 protons and electrons to yield water and heat. In view of the diffusion that occurs 
through the anode and cathode substrates, the anode and cathode are also 
referred to as gas diffusion electrodes ("GDEs") and their substrates as gas 
diffusion layers ("GDLs"). 

The efficiency of this process and, thus, the power density {i.e., 

1 5 electrical power/volume of fuel cell) that is possible for a fuel cell is a function of, 
among other things, access to the PEM by the protons formed at the catalyst of the 
anode, as well as access of the protons passing through the PEM to the catalyst of 
the cathode. Thus, the physical structure of the MEA should provide minimal 
resistance to the movement of protons from the catalyst of the anode, through the 

20 PEM, and to the catalyst of the cathode. 

For this reason, the anode and cathode are typically treated prior to 
assembly of the MEA. For example, when the PEM is made from Nafion®, and 
one major planar surface of each of the anode and cathode comprises a thin layer 
of platinum catalyst particles bound by Nafion®, an additional layer of Nafion® 

25 ionomer is often applied to the surface of each catalyst layer prior to assembly of 
the MEA. When the MEA is then fomied by interposing the PEM between the two 
electrodes, followed by application of heat and pressure, a continuum of Nafion® 
ionomer is formed between the anode and cathode catalyst surfaces. This 
continuum is achieved by the ionomer of the PEM and in the catalyst layers, as 
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well as the additional ionomer coating applied to the catalyst layers, melting 
together when heat is applied and then solidifying upon cooling. 

There are. however, disadvantages associated with existing methods 
for application of this additional layer of ionomer over the thin catalyst layers on the 
5 electrode substrate. For example, one method for applying the additional layer of 
ionomer involves spraying a dispersion of Ionomer particles onto the catalyst layer. 
Spraying results in considerable material waste due to poor transfer efficiency. 
Also, spraying can yield non-uniformities in the applied layer that can result in 
resistance to movement of protons. This is particularly problematic when the 

10 amount of material to be applied is very small. At workable processing speeds, 
spraying small amounts of material necessitates the use of low spray pressures, 
which often results in poor atomization and non-uniform spray pattems. This 
problem may be ameliorated by using intermittent spraying, and by adjusting the 
on and off times of a plurality of spray nozzles. However, this method also suffers 

1 5 from non-unifomiity when only small amounts of material are applied to the 

surface, as well as variability associated with nozzle blockages and/or varying air 
pressure. 

Another method of applying the additional layer of ionomer employs 
slot die coating a solution of ionomer. However, slot die coating typically yields a 

20 layer that is too thick, and that has excessive penetration of the ionomer into the 
substrate. Gravure coating and similar roll coating methods have also been used 
for this purpose. However, these methods involve direct contact between a 
gravure roll (or other roll) and the substrate surface having the layer of catalyst. 
This causes a number of problems. For example, the catalyst layer is quite fragile 

25 and its adhesion to the substrate is limited. Consequently, poorly adherent 

portions of the catalyst layer may be transferred to the roll coater. thus damaging 
the substrate surface and causing the loss of catalyst, as well as contaminating the 
roll which necessitates frequent cleaning. 
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Accordingly, there remains a need in the art for improved methods 
for adding an ionomer layer to the surface of a substrate, particular to the surface 
of an electrode substrate having a thin, fragile catalyst layer onto which the 
ionomer layer is to be applied. There is also a need in the art for products 
5 incorporating such substrates. 



BRIEF SUMMARY OF THE INVENTION 

The present invention is generally directed to the application of an 
ionomer layer to a substrate, particularly to an electrode substrate or electrode for 
use in a fuel cell. The ionomer layer Is applied to the substrate in the form of a 

10 stable ionomer-containing foam which is prepared by mixing a foamable ionomer- 
containing fluid with a gas to fomri a mixture, and then agitating the same. 

Accordingly, in one embodiment, a method is disclosed for coating a 
substrate with an ionomer comprising the steps of applying a layer of a stable foam 
to at least one surface portion of the substrate, and then drying the layer of stable 

15 foam. The stable foam. In turn, is prepared by mixing a foamable ionomer- 
containing fluid with a gas to fomn a mixture and agitating the mixture to yield the 
stable foam. Such steps may be done in either a continuous or batch process. 

In a more specific embodiment, the substrate is a sheet of porous, 
electrically conductive material, such as woven or non-woven carbon fiber paper, 

20 suitable for use as an electrode substrate. Such an electrode substrate may 
further comprise a catalyst layer to yield an electrode, in which case, the layer of 
stable foam is applied over the catalyst layer. Suitable ionomers include Nation®, 
while suitable catalysts include platinum, in particular, where the electrode 
substrates and electrodes are used in fuel cells. 

25 In another embodiment, the substrate is an ion-exchange membrane. 

In such an embodiment, the ionomer in the ionomer containing layer may either be 
the same as or different than the ionomer in the ion-exchange membrane. 



5 



In yet another embodiment, the ionomer containing layer may further 
comprise a catalyst powder, such as, for example, platinum on a carbon support. 
In such an embodiment, the ionomer containing layer may also be the catalyst 
layer in a fuel cell. 

5 Products made according to the methods of this invention are also 

disclosed, including ionomer-coated substrates, and more particularly, ionomer- 
coated electrode substrates and electrodes. Additionally, disclosed are MEAs, fuel 
cells and fuel cell stacks that incorporate the electrode substrates made according 
to the methods of this invention, as well as motor vehicles, and stationary and 

10 portable electrical power-generating plants that incorporate the fuel cell stacks. 

These and other aspects of the present invention will be evident 
upon reference to the following detailed description. To this end, a number of 
articles and patent documents are cited herein to aid in understanding certain 
aspects of this invention. Such documents are hereby incorporated herein by 

1 5 reference in their entirety. 

DETAILED DESCRIPTION OF THE INVENTION 

As mentioned above, the present invention is directed to novel 
methods for preparing ionomer-coated substrates, in particular, where the 
substrates are sheets of porous, electrically conductive material, suitable for use 

20 as electrode substrates in, for example, fuel cells. This Invention is also directed to 
ionomer-coated substrates, including ionomer-coated electrode substrates and 
electrodes for fuel cells, made by the above methods. MEAs, fuel cells and fuel 
cell stacks that incorporate the disclosed ionomer-coated electrode substrates are 
also disclosed. In addition, disclosed are motor vehicles, as well as stationary and 

25 portable electrical power-generating plants that incorporate the disclosed fuel cell 
stacks. 

In one embodiment, disclosed is a method for coating a substrate 
with an ionomer by adherently applying to a surface portion thereof a layer of a 
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stable foam containing the ionomer. then drying the same. As used herein, the 
expression "stable foam" refers to a foam that does not break down into a liquid 
before, during or after application to the substrate, or before the foam layer is 
dried. Generally, the stable foam is be prepared by: 1) dissolving an ionomer, or 
5 dispersing ionomer particles, in a suitable solvent (aqueous or organic), as would 
be readily appreciated by one skilled in the art, 2) optionally adding, as needed, a 
suitable foaming agent to yield a foamable fluid, and 3) mechanically agitating a 
mixture of the foamable fluid and a gas to yield a stable foam, the relative amounts 
of foamable fluid and gas being metered to yield a foam having desired properties, 

10 such as viscosity. For the embodiments disclosed herein, the ionomer-containing. 
stable foam is typically prepared by mixing a suitable gas and a foamable fluid, 
containing the ionomer. The mixture of gas and foamable fluid is mechanically 
agitated to form the stable foam. 

The ionomer-containing, stable foam is applied as a layer to at least 

15 one surface portion of the substrate, using a foam application means. Such 

means are known to those skilled in the art. Finally, the substrate, having the layer 
of stable foam applied thereto, is dried to yield a substrate coated with a dried 
ionomer-containing layer of material ("ionomer layer"). Various drying techniques 
may be used, as would be appreciated by one skilled in the art. including drying 

20 techniques previously described herein for catalyst layers applied to electrode 
substrates. 

Methods for preparing foams, generally, and for applying them as 
coatings, are known. For example, U.S. Patent No. 4,263,344 (hereinafter, "the 
'344 patent") discloses coating sheet material, such as art paper or pressure- 
25 sensitive copying paper, with a foam prepared from a composition comprising clay 
or phenolic resin particles suspended in an aqueous medium having a foaming 
agent added thereto. Also disclosed is subsequent drying of the applied foam 
layer. The *344 patent describes the method disclosed therein as a way to lower 
the viscosity of a high solids content material so as to impart thereto a fluidity. 
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satisfactory for coating. Further described therein is the addition of foaming 
agents, such as a surface active agent or polyvinyl alcohol, to the coating 
composition prior to foaming the same. The composition is then foamed by mixing 
with air and stirring the mixture in a mixing tank. The '344 patent also discusses 
5 controlling the viscosity of foam by controlling the ratio of the composition to be 
foamed and the air mixed therewith. 

Generally, the ratio of gas to foamable fluid in the mixture thereof that 
is rendered into foam, is expressed on a volume basis and is called the "blow 
ratio." In various embodiments, the gas is an inert gas, such as nitrogen, oxygen 

10 or air. When air is used as the gas, it has been found that a suitable blow ratio of 
the air to foamable fluid is in the range of 2:1 to 20:1 , and more particularly 10:1 . 
The blow ratio may be detemnined by first measuring the volume of initial fluid, 
foaming all of the fluid and then measuring the resulting volume of foam. 

As another example of a known method for preparing foam and 

15 applying the same as a coating, U.S. Patent No. 4.571,360 (hereinafter, "the '360 
patent") discloses coating paper with foam comprising a paper treating agent that 
may include a sizing agent, binding agent, coloring agent, oil or water repellant, 
and filler. Disclosed therein is a foamable composition comprising the paper 
treating agent, a liquid vehicle (water or organic solvents), and a foaming agent. 

20 However, in contrast to the present Invention, the foam used for the method of the 
'360 patent is fast breaking with limited stability. In other words, the foam reverts 
substantially immediately to a liquid upon contact with the substrate. The foaming 
agent of the '360 patent is selected, accordingly, from certain fatty acids and fatty 
phosphate esters, among others. Further, the '360 patent describes the 

25 application of paper treating agents as a foam as advantageous over spray 
application, from the standpoint of applying more unifonn coatings, avoiding the 
plugging of spray nozzles from high solids content fluids, and being able to apply 
high viscosity compositions. 
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Additionally, the '360 patent notes that foam generation means are 
known to those skilled in the art and, more particularly, that static, radial and axial 
type commercially available foaming apparatus are well known. The '360 patent 
further notes that foam generation means generally consist of a mechanical 
5 agitator capable of mixing metered quantities of gas and liquid treating 

composition. The effect of varying operating parameters of such foam generation 
means on the characteristics of the foam obtained is also discussed (see, e.g., the 
'360 patent at col. 6, line 62 to col. 7, line 6). The '360 patent also describes foam 
application means as generally being a nozzle or similar apparatus and cites U.S. 

10 Patent No. 4,023.526 as providing a description of a nozzle apparatus, preferred 
for their application {see, e.g., the '360 patent at col. 7, lines 7-28). 

For certain embodiments of the present invention, the ionomer- 
containing, stable foam is prepared by mixing an ionomer-containing, foamable 
fluid with a suitable gas, as noted above, and mechanically agitating the mixture, 

15 also as noted above. In one embodiment, an apparatus for such mechanical 
agitation is used that is capable of high shear agitation and independent metering 
of gas and foamable fluid. Such an apparatus is available from Gaston Systems 
Inc. of North Carolina, USA. 

Additionally, embodiments of the present invention, in another 

20 aspect, are directed to methods for applying stable, ionomer-containing foam to 
the substrates described herein and to be coated therewith, using application 
means well known in the art, as noted above. Virtually any wet technique may be 
used such as, for example, blade coating, die coating, comma bar coating, screen 
printing or dip coating. The foam may also be applied in either a continuous or 

25 batch process. 

One aspect of the present invention is providing a method for making 
improved ionomer-coated electrode substrates and electrodes; improved MEAs. 
fuel cells and fuel cell stacks that incorporate the same; as well as motor vehicles, 
and stationary and portable electrical power-generating plants that incorporate the 



improved fuel cell stacks. Accordingly, in a certain embodiment, the substrate 
coated with ionomer is a sheet of porous, electrically conductive material, and the 
ionomer-containing, stable foam is applied to a major planar surface thereof as a 
substantially continuous layer. In a related embodiment, the sheet of porous, 
5 electrically conductive material further comprises a thin layer of catalyst adhering 
to one of its major planar surfaces, the ionomer-containing, stable foam being 
applied over the catalyst layer to yield an ionomer-coated substrate that may be 
used as an electrode for electrochemical fuel cells. In more particular related 
embodiments directed to methods of the present invention, the sheets of porous. 

10 electrically conductive material to be coated with ionomer comprise woven or non- 
woven fiber paper, the catalyst is finely divided platinum, the ionomer is Nafion®, 
and the foamable fluid is a dispersion of Nafion® particles or a solution of Nafion® 
in a mixture of water and alcohol. The alcohol, in one specific embodiment, is 
isopropyl alcohol. An aqueous dispersion or solution of Nafion® readily foams. 

1 5 Therefore, addition of a foaming agent is generally not necessary for that 
embodiment. 

Alcohol, in particular, isopropyl alcohol is added to allow the ionomer- 
containing foam to wet a catalyst layer where the substrate to be coated comprises 
the same. An optimal mixture of Nafion® ionomer, water and isopropyl alcohol is 

20 such that the fluid mixture readily yields a stable foam, yet also wets the catalyst 
layer. In particular, an aqueous dispersion of Nafion® ionomer may have 
adequate foaming properties in the absence of alcohol. Accordingly, in a yet more 
specific related embodiment, the concentration of isopropyl alcohol is 0-30% by 
weight of the foamable fluid. The concentration of Nafion® in the foamable fluid is 

25 typically 1-20% by weight, more particularly 7-10% by weight. 

The above methods are well suited for preparing ionomer-coated 
GDLs (no catalyst layer) and GDEs (include catalyst layer), used in 
electrochemical fuel cells. Such ionomer-coated substrates can be bonded to a 
PEM to form a MEA, from which a fuel cell can then be made. Methods for 

10 



preparing GDLs and GDEs (to be coated with ionomer and then incorporated into 
a fuel cell) using, for example, woven or non-woven carbon fiber paper, are known. 
Such methods are described, for example, in U.S. Patent Nos. 5,998,057 and 
6,183,898 B1. More particularly, described therein is impregnating woven and 
5 non-woven papers and fabrics, having high open porosity, with an electrically 
conductive material. The latter may be prepared as a suspension of, for example, 
carbon black powder or suitable metal. 

Typically, GDLs and GDEs are also treated so as to be rendered 
substantially hydrophobic. To add hydrophobicity thereto, various binders may be 

1 0 added, for example, perfluoronated polymers. Impregnation steps are generally 
followed by drying and sintering steps (see, e.g., U.S. Patent No. 6,183,898 B1 at 
col. 2, line 36 to col. 3, line 57). 

Methods for applying thin layers of catalyst to GDLs to yield GDEs 
are also known (see, e.g., U.S. Patent No. 6,183,898 B1 at col. 4, line 28 to col. 5, 

1 5 line 67). Not all embodiments of the present invention, directed to methods for 
applying an ionomer coating to a substrate, the latter to be subsequently bonded to 
a PEM to make a MEA, comprise application of an ionomer-containing stable foam 
layer to an electrode surface comprising a thin catalyst layer. Instead, in some 
embodiments, the foam layer is applied to a surface of an electrode substrate {i.e., 

20 no catalyst layer), where the ionomer-coated electrode substrate is then bonded to 
a catalyst-coated PEM. 

In another embodiment, the substrate coated with ionomer is an ion- 
exchange membrane. The ionomer in the ionomer layer may be the same 
ionomer as that in the membrane. Alternatively, the ionomer may differ. However, 

25 generally improved fuel cell performance may be observed if the ionomer is the 
same. 

In another embodiment, the ionomer containing fluid also has a 
catalyst powder dispersed therein. In such an embodiment, the ionomer layer may 
also function as the catalyst layer in the fuel cell and may be applied to either the 



porous electrode or the ion-exchange membrane. In certain embodiments, there 
are at least two coating steps on the same substrate, one in which the 
ionomer-containing fluid further comprises a catalyst powder, and a second in 
which the ionomer containing layer is substantially free of catalyst. Alternatively, a 
5 foam layer without catalyst may be applied to a surface of an electrode substrate, 
and a second foam layer containing catalyst powder may be applied to a surface of 
an Ion-exchange membrane. 

Applying ionomer as a component of a foam, according to the 
present invention, rather than as a component of a liquid, has a number of 

10 advantages. For example, a more unifomri application to a substrate may be 
possible, as compared to, for example, spray application of a liquid. This may be 
particulariy useful where an electrode substrate or electrode are coated with 
ionomer for bonding to a PEM to make a MEA. More uniform ionomer coatings for 
such bonding should yield MEAs characterized by less resistance to the 

1 5 conduction of protons from anode catalyst surfaces, through the PEM, to cathode 
catalyst surfaces. 

Further, when a layer of ionomer is coated over a thin, fragile catalyst 
layer, foam coating may avoid direct contact of a rigid applicator surface, such as 
the surface of a roll coater, with the rough surface of the catalyst layer. This, in 

20 tum, may result in less damage to the catalyst layer surface or less penetration by 
the ionomer into the substrate. 

Where the coated substrate is an electrode substrate or electrode for 
a fuel cell, the thick foam layer can then be compressed to a desired thickness 
when the coated substrate and PEM are bonded together to form a MEA. This 

25 may allow for a final coating thickness thinner than that readily obtainable using 
many other coating techniques. Where the coated substrate is an ion-exchange 
membrane, less swelling of the membrane may be observed than if a liquid layer 
had been applied directly on the membrane. 
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Accordingly, in one embodiment of the method of the present 
invention, ionomer-containing, stable foam is applied to at least one surface 
portion of a substrate as a layer having a thickness ranging from about 25 pm to 
about 2 mm. In another embodiment, the thickness is about 250 pm. In yet 
5 another specific embodiment, ionomer-containing stable foam Is applied to at least 
one surface portion of a substrate so as to yield an ionomer layer thereon having a 
weight ranging from about 0.5 to about 25 grams per square meter of the surface 
portion. In a related specific embodiment, the weight is about 2 grams per square 
meter of the surface portion. 

10 In another aspect, the present invention Is directed to an ionomer- 

coated substrate, electrode substrate, and electrode, made according to the above 
disclosed methods. In yet another aspect, disclosed is a MEA comprising the 
disclosed electrode substrate. Incorporating the electrode substrates of the 
present invention into a MEA is done by methods well known in the art for bonding 

1 5 electrodes or electrode substrates to PEMs to form MEAs (see, e.g., U.S. Patent 
No. 5.176,966 at col. 8, lines 38-47). 

As one example of making the disclosed MEA, two GDEs (one 
providing the anode, and the other providing the cathode) are provided, where 
each GDE has a catalyst layer applied to one major planar surface thereof and an 

20 ionomer layer coating the catalyst layer, the layer applied using the methods of the 
present invention. A PEM is interposed between the two GDEs so that the GDEs 
and PEM are assembled coextensively with the ionomer layer of each GDE in 
contact with the PEM. Then, heat and pressure is applied to the assembly so as to 
permanently bond the GDEs and PEM together to form the MEA having a desired 

25 overall thickness. In the process, the ionomer layer is compressed, that is, its 
thickness is reduced. Optionally, the MEA is then cut to a desired size and shape. 
Also, optionally, the edges of the MEA are then impregnated with a sealant 
material. 
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As another example of making the disclosed MEA, two GDLs (one 
providing the anode substrate and the other providing the cathode substrate) are 
provided where neither GDL comprises a catalyst layer and each GDL has one 
major planar surface coated with an ionomer layer, the layer applied using the 
5 methods of the present invention. As in the previous example, a PEM is 
Interposed between the two GDLs so that the GDLs and PEM are assembled 
coextensively with the ionomer layer of each GDL in contact with the PEM. In this 
example, however, the catalyst layers for the anode and cathode are first 
adherently applied to the PEM. Methods for preparing surfaces to be in contact 

10 with a catalyst layer are known in the art (see, e.g., U.S. Patent No. 5,998,057). 

Also, as In the previous example, heat and pressure is applied to the 
assembly so as to permanently bond the GDLs and PEM together to form the MEA 
having a desired overall thickness. The temperature and pressure, needed to form 
an MEA having a desired overall thickness and using the ionomer-coated 

1 5 electrodes or electrode substrates of the present invention, are readily determined 
by one of skill in the art. The MEA is optionally cut and sealed as before. 

The present Invention, in other embodiments, is directed to fuel cells 
and fuel cell stacks that incorporate the ionomer-coated substrates made by the 
disclosed methods. Typically, such fuel cells and fuel cell stacks would be made 

20 using the disclosed MEA by methods well known in the art. Finally, the present 
invention. In yet additional embodiments, is directed to motor vehicles, as well as 
stationary and portable electrical power-generating plants, that incorporate the 
disclosed fuel cell stacks. Such incorporation is accomplished by methods that are 
also well known in the art. 

25 From the foregoing it will be appreciated that, although specific 

embodiments of the invention have been described herein for purposes of 
illustration, various modifications may be made without deviating from the spirit 
and scope of the invention. Accordingly, the invention is not limited except as by 
the appended claims. 

30 
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